The hippocampus is important for the acquisition of spatial representations of the environment and consequently in contextual memory. This suggests that the neural substrates underlying spatial cognition might be essential for remembering specific life episodes. Indeed, hippocampal lesions prevent spatial relational learning in adult rodents and monkeys, and result in profound amnesia in adult humans. In contrast, we show here that monkeys with neonatal hippocampal lesions learned new spatial relational information. Our experiments suggest that early hippocampal damage leads to functional brain reorganization that enables spatial information to be acquired through the use of brain regions that normally do not subserve this function.
The hippocampal formation, a group of cortical brain regions located in the medial temporal lobe, is essential for memory function. Behavioral and electrophysiological experiments in rodents have shown that hippocampal integrity is critical for learning and remembering a particular location in the absence of local cues: that is, for forming an allocentric (viewpoint-independent) representation of space that codes the goal location in relation to distant environmental cues [1] [2] [3] [4] [5] [6] . Recent experiments demonstrate that selective hippocampal damage prevents spatial relational learning in freely moving adult rhesus monkeys (Macaca mulatta) 7 . Studies of human hippocampal function also highlight its involvement with allocentric representations of space [8] [9] [10] [11] [12] .
Here, we tested the ability of juvenile monkeys that received hippocampal lesions shortly after birth to learn new spatial relational information. Freely moving monkeys were allowed to forage for a preferred food that was hidden beneath cups distributed in an openfield arena (Fig. 1) . Six potentially baited cups were located in two arrays of 3 distinct locations among 18 possible locations. Each day, three locations on one of the arrays were baited. Food locations changed pseudo-randomly among arrays between days. The six potentially baited locations were fixed in relation to distant environmental cues. Monkeys were tested in two conditions. In the first, the local cue condition, colored cups identified the potentially baited locations, so that monkeys could rely on either a visual guidance strategy (egocentric coding) [1] [2] [3] [4] [5] [6] or spatial relational information (allocentric coding) [1] [2] [3] [4] [5] [6] to discriminate between the potentially baited and never-baited locations. In the second, the spatial relational condition, all cups were the same neutral color, so that the monkeys had to rely on an allocentric representation of the environment to discriminate between the potentially baited and never-baited locations. Multiple goals and four pseudo-randomly chosen entrance points prevented the monkeys from relying on an egocentric strategy to identify food locations 7, 13 .
In contrast to monkeys with adult hippocampal lesions 7 , we show that monkeys with neonatal hippocampal lesions showed normal spatial relational learning and memory.
RESULTS
Hyperactivity is a common repercussion of bilateral hippocampal damage in rats 14, 15 . Consistent with this, juvenile monkeys that received selective, bilateral neonatal lesions of the hippocampus were hyperactive compared with sham-operated control monkeys. During an acclimation phase (when no cups or food were present in the openfield arena), monkeys with hippocampal lesions locomoted more than controls (groups: F 1,12 ¼ 7.507, P ¼ 0.0179; Fig. 2a ). Monkeys with hippocampal lesions also opened more cups during testing under both the local cue and spatial relational conditions, indicating that they were more active than control monkeys (groups: F 1,24 ¼ 4.946, P ¼ 0.0358; Fig. 2b) .
We evaluated the effects of selective, neonatal hippocampal lesions on the monkeys' ability to find food in the open-field arena. First, monkeys foraged for food that was hidden at fixed locations marked by local cues. The hippocampal-lesioned and sham-operated monkeys were equally capable of discriminating between potentially baited marked locations and never-baited unmarked locations (groups: F 1,12 ¼0.002, P ¼ 0.9626; locations: F 4,48 ¼ 158.087, P o 0.0001; interaction: Fig. 3) .
Next, the monkeys foraged for food that was hidden at fixed locations that were not marked by local cues. As expected, the shamoperated monkeys were able to discriminate between potentially baited and never-baited locations based on their relations with distant environmental cues (locations: F 4,20 ¼ 12.394, P o 0.0001; Fig. 4a) . Notably, monkeys with neonatal bilateral hippocampal lesions also discriminated between potentially baited and never-baited locations in the absence of local cues (locations: F 4,28 ¼ 27.847, P o 0.0001; Fig. 4b ). In fact, hippocampal-lesioned monkeys were as proficient as the control monkeys at discriminating between potentially baited and never-baited locations in the same array (groups: F 1,12 ¼ 4.005, P ¼ 0.0685; locations: F 4,48 ¼ 34.123, P o 0.0001; interaction: F 4,48 ¼ 1.1814, P ¼ 0.1415). The nearly significant group difference can be explained by differences in the levels of activity between the control and hippocampal-lesioned monkeys (Fig. 2) . Because we normalized the number of choices in each category according to the probability of making that choice (Pot in/3, Pot out/3, Equ in/3, Equ out/3, Other/6), the differences between groups in the number of 'Other' cups opened are reflected in the overall group analysis.
Finally, a probe trial, in which the locations of the colored cups were shifted 601 from their usual spatial locations (Fig. 1b) , revealed that sham-operated and hippocampal-lesioned monkeys were equally reliant on local cues and spatial relational information to discriminate between potentially baited and never-baited locations when local cues were present (groups: Fig. 5 ).
An evaluation of individual behavioral strategies showed that every juvenile monkey that received bilateral neonatal hippocampal lesions (n ¼ 8) discriminated between the potentially baited and the neverbaited locations in the absence of local cues marking these locations (Supplementary Table 1 online). Thus, although juvenile monkeys with bilateral neonatal lesions of the hippocampus showed hyperactivity as compared to sham-operated, age-matched control monkeys, they still discriminated between unmarked potentially baited and neverbaited locations on the basis of their spatial relations with distant environmental cues.
We used magnetic resonance imaging analyses to characterize the extents of the hippocampal lesions (Fig. 6) , as the monkeys that participated in this study are still undergoing behavioral testing in studies on the development of primate social behavior. The extent of the lesions was very consistent across all eight of the monkeys (Supplementary Figs. 1 and 2 online) . The entorhinal and perirhinal cortices were largely, if not completely, intact in all of the lesioned monkeys. The intended targets, including the dentate gyrus, areas CA3, CA2 and CA1, the subiculum, the presubiculum and the parasubiculum, were substantially damaged, if not completely eliminated bilaterally, in each monkey.
DISCUSSION
We have shown previously that selective hippocampal damage prevents allocentric spatial relational learning in freely moving adult monkeys 7 . Here we show that learning and retention of new allocentric spatial relational information were unimpaired in monkeys that received bilateral hippocampal lesions shortly after birth. The differential effect of early versus late hippocampal lesions on spatial relational learning in monkeys (Fig. 7) is reminiscent of the differential effect of early versus late hippocampal lesions on semantic learning in humans. Hippocampal lesions in adult human subjects impair both semantic and episodic memory 16, 17 , whereas individuals with early hippocampal damage have deficits in episodic memory, but not in semantic memory [18] [19] [20] . Below, we discuss how the present results further our understanding of the relations between spatial memory, and semantic and episodic memory, as well as how functional brain reorganization might enable the acquisition of spatial memory following early, but not late, hippocampal lesions.
Spatial memory has often been considered in the context of episodic memory 1, 5, 21, 22 processing of allocentric spatial representations, and consequently in contextual memory, suggests that the neural substrates underlying spatial cognition might be essential for recalling specific life episodes 12, 22 . According to the cognitive map theory of hippocampal function 3, 5 , the hippocampus is essential for acquisition, maintenance and retrieval of all aspects of the allocentric (spatial relational) coding of space. Recent experiments, however, have reported that profoundly amnesic patients 23, 24 , as well as animals with experimental lesions including complete destruction of the hippocampus 25 , show preserved spatial memory for locations that were learned long before the hippocampal damage occurred (remote spatial memory). This is similar to the way that amnesic individuals show preserved episodic and semantic memory for information that was learned long before hippocampal damage 26 . These findings have led some researchers to re-evaluate the function of the hippocampal formation in spatial memory, suggesting that the hippocampus is critical for the acquisition of new allocentric representations of the environment 12,21,22 , but not for their long-term maintenance or retrieval [23] [24] [25] . Our previous studies of monkeys with adult hippocampal lesions support this view 7 , but our current findings do not, as we observed that spatial relational learning persisted after neonatal hippocampal lesions.
Although spatial memories have rarely been considered in the context of semantic memory, a functional and neuroanatomical distinction was recently proposed between detailed, episode-specific spatial representations of experienced environments (analogous to autobiographical memory) and schematic, episode-free representations of the topography of the environment (analogous to semantic memory) 22, 27 . Our current findings show that episode-free, spatial relational learning was preserved in monkeys that received bilateral hippocampal lesions shortly after birth, whereas hippocampal lesions in adults prevent spatial relational learning 7 . Our results parallel those showing that humans with early hippocampal damage show episode-free semantic learning [18] [19] [20] 28 , whereas hippocampal lesions in adults impair semantic learning 16, 17 . In seeming contrast with our findings, however, anecdotal observations by family members and virtual reality studies indicate impaired allocentric processing in humans with early hippocampal damage [19] [20] [21] [29] [30] [31] . It is possible, however, that the anecdotal observations reported in human individuals reflect episode-specific spatial memory impairments 22 . For example, remembering where objects and belongings are located on a daily basis requires the ability to integrate specific temporal information, which is fundamental to episodic memory and is sensitive to hippocampal damage 5, 21, 22, [32] [33] [34] . With respect to virtual reality studies, the dynamic process of extracting spatial information a b in a virtual reality task might differ from that performed while a subject is freely and actively navigating in a real environment 21 . In virtual reality experiments, deficits in allocentric processing are typically demonstrated by impaired memory for object locations when the viewpoint is shifted between presentation and retrieval, as compared with that observed when the viewpoint remains the same 21, [29] [30] [31] . The finding that reaction times in normal individuals increase as the angle between the viewpoints increases suggests that the allocentric system responsible for solving this shifted-view task depends on the manipulation of viewpoint-dependent representations using egocentric information encoded at presentation 29, 30 . In contrast, when a subject is actively navigating in the real world, self-motion information might enable automatic updating of the representation of object locations in relation to distant environmental cues that are perceived from contiguous viewpoints. Object locations could therefore be directly encoded into a seamless allocentric representation of the environment 5, 21 . Our findings indicate that such processes can be sustained by extra-hippocampal brain areas after early hippocampal damage, but not in subjects who suffer hippocampal damage later in life.
The rearrangement of synaptic connections is potentially the most important biological mechanism involved in the recovery of function after brain injury [35] [36] [37] . Mammals, including humans, show a remarkable recovery of behavioral functions after circumscribed brain injuries, particularly those occurring early in life [38] [39] [40] . Accordingly, some have suggested that the functional recovery that enables semantic learning in humans is contingent on early injury to the hippocampal formation, allowing for a compensatory neural reorganization 19, 20, 28 . Similarly, we propose that the extra-hippocampal cortical regions, which are specialized for the maintenance and retrieval of long-term, episode-free spatial memories, undergo a functional reorganization to enable the acquisition of these memories following early, but not late, hippocampal damage. The potential morphological reorganization of these brain regions following early hippocampal lesions will be the subject of future studies in this research program. following previously described protocols 41 . Infants were reared by their mothers in a socialization cohort consisting of six mother-infant pairs and one adult male that met for a minimum of 3 h per d, 5 d per week in a large cage. Infants were weaned from their mothers when the youngest member of each cohort reached 6 months of age. From then onwards, infants were permanently housed with their previously established cohort of six infants, one adult male and a new adult female 41 . These experiments were approved by the Institutional Animal Care and Use Committee of the University of California at Davis and were in accordance with the US National Institute of Health guidelines for the use of animals in research. Monkeys were not subjected to any food or water restrictions, except that they did not receive their regular morning rations until after the daily testing session was completed. Monkeys were tested at the same time each day (5 d per week), between 7:30 and 11:00 a.m.
METHODS
Pre-training. Monkeys began pre-training and acclimation 18.6 ± 0.3 months after surgery (sham-operated: 18.9 ± 0.6 months; hippocampus-lesioned: 18.5 ± 0.4 months). During a pre-training phase that took place in temporary holding cages (61 cm Â 66 cm Â 81 cm), monkeys were first trained to displace a plastic cup to retrieve grapes that were hidden underneath it 7, 13 . Following pre-training, monkeys received one 5-min acclimation session per day for 5 d, during which they were free to explore the open-field arena. During this phase, no cups or food were present in the arena.
Open-field testing. Monkeys foraged freely for grapes that were hidden beneath cups in two different arrays of 3 distinct locations among 18 locations that were distributed in the open-field arena (Fig. 1 ). Monkeys were given 3 trials per d (with a 1-min inter-trial interval), 5 d per week. Each day, three locations on either the inner array or the outer array were baited. The location of the food changed pseudo-randomly between the two arrays between days, but remained the same between trials within a daily session 7, 13 . For each trial, monkeys entered and exited the arena from one of the four pseudo-randomly chosen entrances. The orientation of the entire apparatus remained fixed in relation to distant environmental cues within the testing room. The board on which the cups were distributed, however, was rotated clockwise 601 before each trial to make any uncontrolled local cues irrelevant, but the grapes (and local cues if present) were always placed in exactly the same locations in relation to distant environmental cues. Monkeys were tested over an 8-week period and experienced two different, alternating testing conditions: a local cue and a spatial relational condition. In the local cue condition, monkeys were tested for their ability to find food at fixed locations that were marked by colored cups (Fig. 1b) . Although the particular array that was baited changed pseudo-randomly between days, both sets of local cues were present on the board during all local cue sessions. We considered 2 weeks of experience (5 d per week) with 3 trials per d (10 d or 30 trials) in the local cue condition for data analysis. The analysis of the first four cups that were opened in the first phase of testing in the local cue condition did not reveal any group difference, indicating that task acquisition was similar between the lesion conditions (data not shown).
In the spatial relational condition, no local cues marked the potentially baited locations (Fig. 1b) . Therefore, monkeys could not discriminate between potentially baited and never-baited locations based on local features. Furthermore, the combination of multiple goal locations (six) and four pseudorandomly chosen entrance points precluded the ability of monkeys to rely on an egocentric strategy to identify food locations. We considered 2 weeks of experience (5 d per week) with 3 trials per d (10 d or 30 trials) in the spatial relational condition for data analysis.
In addition, on one trial in the local cue condition, the colored cups were shifted 601 from their usual spatial locations and no food was present (Fig. 1b) . During this dissociation probe trial, monkeys encountered the same pattern of cups distributed throughout the arena, but the absolute locations of the colored cups were shifted in relation to distant environmental cues, thus rendering the local and spatial relational information incoherent.
Data analysis. Movement activity during acclimation was determined by recording the position of the monkey among eight zones subdividing the open-field arena every 5 s for the duration of each 5-min session. Activity level was also assessed by analyzing the number of cups that the monkeys opened during each standard trial in the local cue and spatial relational conditions. Statistical analyses were conducted using analyses of variance (ANOVAs), with lesion condition as a factor and acclimation sessions or testing conditions as the repeated measures. The assessment of normality was performed graphically with a z-score histogram.
To identify the strategies that control and hippocampal-lesioned monkeys used to discriminate between the baited and the non-baited locations in the local cue and spatial relational conditions, we classified each of the 18 locations into one of five categories, with respect to whether it could be baited and what its position was in the open-field arena. For each analysis, we normalized the number of choices of a particular type based on the probability of making that choice. For standard trials, the numbers of choices of 'Pot in' , 'Pot out' , 'Equ in' and 'Equ out' were divided by 3 and the number of 'Other' choices was divided by 6. For the probe trial, the numbers of choices of 'Color in', 'Color out' , 'Space in' and 'Space out' were divided by 3 and the number of 'Other' choices (the never-baited locations on the sides of the outer hexagon: locations 1, 3, 5, 7, 9, 11) was divided by 6. We report the first four choices for the local cue and spatial relational trials, and all choices made during the dissociation probe trial.
Statistical analyses were conducted using ANOVAs, with lesion condition as a factor and choice type (locations) as the repeated measures. Post-hoc analyses were carried out with Fisher-PLSD tests. Within-group analyses were conducted with choice type as the repeated measures. Because monkeys might have unique strategies for finding the food locations 13 , we also analyzed the behavior of each individual monkey separately to detect evidence of learning. In this case, statistical analyses were performed within subjects, with choice type as a factor and daily sessions as the repeated measures. Statview 5.0.1 statistical software was used to perform all statistical analyses (SAS Institute Inc.).
Lesion evaluation. Lesion size and placement were analyzed by magnetic resonance images. At 50.0 ± 0.3 months of age, control and hippocampuslesioned monkeys were imaged using a previously described imaging paradigm 41 . MRI images were analyzed using the OsiriX open source imaging software 42 . Briefly, DICOM MRI images were uploaded and a two-dimensional multi-planar reconstruction (2D MPR) was generated to perform a detailed evaluation of the extent of the lesion. The nomenclature and boundaries of the different structures of the medial temporal lobe followed our previously published descriptions [43] [44] [45] .
Note: Supplementary information is available on the Nature Neuroscience website.
